ABSTRACT This paper presents robust virtual inertia control of an islanded microgrid considering high penetration of renewable energy sources (RESs). In such microgrids, the lack of system inertia due to the replacement of traditional generating units with a large amount of RESs causes undesirable influence to microgrid frequency stability, leading to weakening of the microgrid. In order to handle this challenge, the H ∞ robust control method is implemented to the virtual inertial control loop, taking into account the high penetration of RESs, thus enhancing the robust performance and stability of the microgrid during contingencies. The controller's robustness and performance are determined along with numerous disturbances and parametric uncertainties. The comparative study between H ∞ and optimal proportionalintegral (PI)-based virtual inertia controller is also presented. The results show the superior robustness and control effect of the proposed H ∞ controller in terms of precise reference frequency tracking and disturbance attenuation over the optimal PI controller. It is validated that the proposed H ∞ -based virtual inertia controller successfully provides desired robust frequency support to a low-inertia islanded microgrid against high RESs penetration.
I. INTRODUCTION
Nowadays, traditional generations are being replaced by a large amount of renewable energy sources (RESs). Consequently, the inertia of islanded microgrids significantly falls and may increase variations in system frequency [1] . As RESs exchange power to microgrids via power inverters, the power electronics-based RESs will reduce the system inertia, generating high frequency and voltage fluctuation in the microgrids, compared to traditional synchronous generators. Islanded microgrids might become insecure if the RESs capacity becomes larger and larger. With the increasing RESs penetration, microgrids lack inertia, creating the difficulty in stabilizing system frequency/voltage, causing the weakening of microgrid stability and resiliency [2] , [3] .
Dealing with such problem, a virtual synchronous generator (VSG) concept is presented to imitate the nature of traditional generating units virtually into power systems, hence enhancing power system inertia, output impedance, microgrid stability, and resiliency [2] - [6] . Virtual inertia control is a specific part of VSG operation, where the action of a prime mover is emulated to support frequency stability [5] . The virtual inertia control employed in the energy storage systems (ESS) will enable the ESS to operate as a traditional generator, exhibiting inertia and damping properties of traditional generations to the system. The virtual inertia control can offer a basis for maintaining the share of RESs or distributed generations (DGs) in the microgrid without compromising microgrid stability and resiliency [6] . Without virtual inertia control, RESs or DGs might cause microgrid instability and cascading outages in the disturbance events.
Numerous control techniques have been implemented to virtual inertia control to solve microgrid frequency control problems, improving frequency stability [2] , [7] - [12] . In [7] , a classical control method employing proportional-integral (PI) control technique has been applied for virtual inertia control. The application of virtual inertia control based on PI controller for wind power to support microgrid frequency stability is proposed in [8] . In [9] and [10] , the fuzzy logic system-based virtual inertia control is applied to regulate frequency deviation in an islanded microgrid. In [11] , using a virtual inertia control based on model predictive control method, the stability and robustness performance of the microgrid is investigated during high penetration of RESs. An estimation technique of frequency response based on virtual inertia control to enhance the stability of the system with high wind power integration is evaluated in [12] . Recently, a derivative control technique-based virtual inertia controller is proposed to support frequency stability in HVDC interconnected power systems [2] .
Related to the former control techniques, it is not easy to obtain a proper trade-off between nominal performance and robust performance. Furthermore, the uncertainty formulation has not been considered and designed (i.e., unstructured uncertainty modeling) in the control methods [2] , [7] - [12] . Therefore, it is difficult to guarantee simultaneous robust stability and performance in wide range of disturbances and uncertainties using the aforementioned control techniques. Due to the possibility of uncertainty formulation (i.e., structured uncertainty modeling) in the control synthesis procedure [13] , the robust control techniques could solve this problem effectively.
The robust control approaches consider physical constraints, disturbances, and uncertainties, thus providing efficient control synthesis method for dynamic systems. However, most robust control techniques utilize complex state-feedback controllers, of which the orders are not smaller than the order of the controlled systems [14] , [15] . Nevertheless, the small-scale microgrids in comparison with traditional large-scale power systems once again bring our concentration to apply these robust techniques for microgrid control issues.
Several research and studies on robust control application for microgrids have been presented in [16] - [21] . A robust frequency control method for islanded microgrids is designed in [16] . In [17] , H ∞ robust controller is designed for each generation unit of a microgrid. Afterwards, the H ∞ robust controller has been designed for power-sharing in both interconnected and islanded microgrids [18] . Similar works in utilizing robust control techniques on microgrid frequency control are presented in [19] and [20] . Recently, the H ∞ robust controller is proposed to develop the secondary frequency control for microgrids [21] . To the best knowledge of the authors, there has not been any research done yet on the robust control design for virtual inertia control where uncertainties and disturbances are taken into account simultaneously. The main emphasis has been given on the development of virtual inertia control in the field of power electronics, such as equipment and control scales without concerning the effect of high penetration of RESs [2] , [7] - [12] . Without considering this effect, the virtual inertia control may be insufficient and unstable for islanded microgrids, causing instability and system collapse. This is the main weakness of the previous approaches. Moreover, there is no report on the robust control strategies in the virtual inertia control for microgrids. Hence, it is expected that using the robust virtual inertia control in a new environment will be more adaptive and flexible than conventional ones in [2] and [7] - [12] .
This research focuses on the new design of H ∞ robust control based on virtual inertia control loop for improving frequency stability of an islanded microgrid. The proposed robust technique is flexible enough to combine disturbances and uncertainties in the microgrid model and control process. The linear fractional transformation (LFT) method is applied in the H ∞ control design and the parametric perturbation is defined in one block as an uncertainty. Later, the robust stability and performance are investigated taking into account the high penetration of RESs. The comparative study between H ∞ and optimal PI-based virtual inertia control is also performed.
The research contribution of the robust H ∞ control method in this paper over the existing the virtual inertia control loop in an islanded microgrid is that:
i. Treating the microgrid system inertia as a bounded sector of uncertainties in the H ∞ control design procedure;
ii. Treating the high penetration of RESs and loads as a bounded sector of disturbances in the H ∞ control design procedure;
iii. Designing a robust H ∞ -based virtual inertia controller to minimize the frequency deviations of an islanded microgrid, enhancing microgrid stability and resiliency.
The rest of this paper is organized as follow. Section II explains the system configuration including an islanded microgrid modeling and virtual inertia control modeling. Section III describes a state-space dynamic modeling of the islanded microgrid. In section VI, the robust H ∞ controlbased virtual inertia control is designed considering high penetration of RESs. The H ∞ controller order reduction is evaluated in Section V. The results of the time-domain simulations are discussed in Section VI. Finally, the conclusion is shown in Section VII.
II. SYSTEM CONFIGURATION A. RELATION BETWEEN FREQUENCY DEVIATION AND INERTIA POWER
In this study, frequency control is divided into three main operations: the inertia control state, primary control state, and secondary control state. During the inertia control state, the controller has not initiated yet, therefore when a frequency deviation occurs, the power requirement is balanced by the kinetic energy from a generating unit. During the second state, primary control stabilizes frequency to a new steadystate condition for a time duration between 10 s to 30 s after the contingencies. Then, the secondary control, like load frequency control (LFC), recovers frequency to its nominal state of equilibrium for a time duration between 30 s and 30 minutes after the contingencies [13] .
For traditional power systems, the inertia power response is represented by kinetic energy. The overall kinetic energy of the system rotational mass, including spinning loads, is calculated as [5] , [13] , [22] :
where J is the moment of system inertia (kgm 2 ) and ω is the angular frequency deviation (rad/s). The rate of change of rotor speed depends on the torque balance of spinning mass as follows:
where T m and T e are the mechanical and electrical torque, respectively. P m and P e are the mechanical and electrical power, respectively. The stored kinetic energy (E kinetic ) is commonly represented proportional to its power rating and known as a system inertia constant (H ) [13] :
where S is the rated apparent power (VA). As a common practice, the rate of change of frequency (ROCOF) of the power system is applied for modifying active power and controlling system frequency against the variation in the power demand. The ROCOF is also used to determine the inertia of power systems. Thus, the system inertia constant (H ) is determined by the ROCOF as follow [13] , [22] :
B. ISLANDED MICROGRID MODELING
This research focuses on the islanded microgrid including 15 MW of domestic loads, 12 MW of a thermal power plant, 7 MW of a wind farm, 9 MW of a solar farm and 4 MW of energy storage systems (ESS) as shown in Fig. 1 . The system base is 12 MW. The dynamic model of the islanded microgrid is displayed in Fig 2. The microgrid parameters are presented in Table 1 .
To obtain the precise perception of the actual microgrid, this article also considers the significant inherent conditions and basic constraints required by the physical system dynamics of the generation and load units. The significant physical constraint of the thermal power plant is the rate of change of power generation owing to the limitation of thermal and mechanical movements. The physical system dynamics of the thermal generation is characterized by the generation rate constraint (GRC) and the maximum/minimum valve gate opening or closing for a turbine unit. The GRC of nonreheat thermal generation is set as 12% p.u. MW/minute. The V U and V L are the maximum and minimum limits that restrict the rate of the valve-gate closing or opening speed [13] . The significant physical constraint of the virtual inertia system is explained in the next part. The low-order dynamic models for RESs/energy storage units are explained in [13] , [20] , and [23] . Some type of RESs might have high-order dynamic response models, although the low-order dynamic models considered in this article are sufficient to analyze frequency control problem [13] , [22] , [23] . Afterwards, the wind power, solar irradiation power, and load demand are considered as the disturbance to the islanded microgrid.
C. VIRTUAL INERTIA CONTROL FOR ISLANDED MICROGRIDS
Virtual inertia control is a specific part of a virtual synchronous generator (VSG) operation, where the action of a prime mover is emulated to support frequency stability [3] - [6] . To imitate sufficient virtual inertia based on a power electronic device, the dynamic control structure is proposed in Fig. 3 . The main concept of virtual inertia control is the derivative control that calculates the rate-ofchange of frequency (ROCOF) to add an extra active power to the set-point of the microgrid during the contingencies. The derivative control is hypersensitive to the noise in the frequency measurement. To solve such problem, a low-pass filter is added to the control. This low-pass filter could also simulate the dynamic behavior of ESS (i.e., fast response). Consequently, the virtual inertia control system contributes to the islanded microgrid as if RESs in the islanded microgrid VOLUME 6, 2018 would have inertia similar to the traditional generating units (i.e., synchronous generators). Thus, the virtual inertia control system imitates the inertia characteristic, contributing to the total inertia of the islanded microgrid and improving the frequency stability and resiliency. In this research, we assumed that the inertia power is emulated via the installed ESS. The control law and regulation for virtual inertia power in Laplace with per-unit value is presented in Fig. 3 . For any frequency deviation, the virtual inertial control system delivers the required power to the islanded microgrid as follow [2] , [11] , [24] :
Where K VI is the control gain of the virtual inertia controller and T VI is the virtual inertia time constant of the added filter for emulating the dynamic control for ESS. f is the frequency deviation. In per unit, f has the same value as ω.
III. STATE-SPACE DYNAMIC MODELING
The linearized state-space model is an effective model for the robust control design in microgrid control synthesis [13] . The frequency deviation of the islanded microgrid considering the effect of primary, secondary (i.e. LFC), and inertia controls can be obtained as:
where,
To perform detailed analysis, the complete state-space model representation of the islanded microgrid is important. The state-space model is given in (13) and (14) [13] .
In this study, wind power variation ( P wind ), solar radiation power variation ( P solar ), load power variation ( P L ) are considered as microgrid disturbance signals. Microgrid damping (D) and microgrid system inertia (H ) are considered as the uncertain parameters. u is the signal of control input.
f is the frequency deviation. P m is the generated power deviation of thermal power plant. P g is the governor power deviation. P ACE is the control signal for secondary control.
Using suitable definitions and state variables from (6)- (12), the linearized state-space model of the islanded microgrid from Fig. 2 can be simply achieved in the form of (13) and (14) . Therefore, the complete state-space equations for the islanded microgrid considering high RESs penetration are obtained as in (18), as shown at the bottom of the next page.
IV. ROBUST H ∞ DESIGN FOR VIRTUAL INERTIA CONTROL
The main objective of this section is to describe the design of the robust controller-based virtual inertia control to imitate virtual inertia into the islanded microgrid, supporting frequency control and avoiding system collapse during contingencies. The principle of H ∞ control design is provided in the Appendix.
A. MODELING OF UNCERTAINTY
Microgrid behavior typically involves several uncertainties such as continuous changes in system dynamics, load and generations as well as operating microgrid condition. Hence, the uncertainty issue in microgrid operation and control has become a significant factor for microgrid control and design. In the robust control literature, various research has proposed the design of uncertainties modeling [13] , [25] , [30] in power systems, since the uncertainty as a dynamic perturbation can show the difference between mathematical and actual model.
For the H ∞ design-based virtual inertia control, dynamic perturbations considered in the studied microgrid are lumped into one perturbation block of (s). Afterwards, the output multiplicative perturbation technique is applied for the uncertainty modeling. Fig. 4 displays the structure of the closedloop microgrid system for the H ∞ control design process including the weighting functions and lumped uncertainty. y is owing to no tracking required at very high frequencies for the microgrid frequency control system. The weighting function W u (s) has the high-pass characteristic to examine the weight on the control input u. In this study, we consider a high-integration of the wind power variation ( P wind ), the solar radiation power variation ( P solar ), and the load power variation ( P L ), as the disturbance. Thus, the disturbance functions W d1 (s), W d2 (s), and W d3 (s) are selected to increase the robust stability and performance of the microgrid. w 1 , w 2 , and w 3 are the disturbance inputs from wind power, solar power, and load power variation, respectively. 
To properly determine the weighting functions, we initially evaluate the type and objective of weighting functions (e.g., low or high pass filter). Afterwards, we begin by an initial weight and continue the tuning process concerning the closed-loop microgrid performance based on (22) in a simulation environment until reaching the desirable performance.
B. THE H∞ CONTROLLER
The robust H ∞ controller is a remarkable control technique in dealing with non-linear tracking issues by producing a systematic method for building a robust non-linear controller. This method will evaluate a feasible robust controller by minimizing the infinite (∞)-norm of a suitable linear fractional transformation (LFT), E(G,K) as follows [13] :
VOLUME 6, 2018 FIGURE 5. The closed-loop islanded microgrid via H∞ control framework.
Fig. 5 displays the fundamental closed-loop LFT for the H ∞ control design. E(G,K)
is the transfer function matrix of the nominal closed-loop microgrid system from disturbance inputs to controlled outputs, that is characterized as the transfer function T wz . Based on (22) , it is obvious that the optimization problem is not unique. Thus, the stabilizing K ∞ controller is optimally determined by the H ∞ norm: that is, the H ∞ norm of (22) must not exceed one.
C. THE CLOSED-LOOP NOMINAL STABILITY AND PERFORMANCE
The nominal stability and performance are satisfied when the closed-loop microgrid system T wz is internally steady for the designed K ∞ controller. To evaluate the nominal stability and performance, the ∞-norm of the K (s) function must be obtained less than a positive value. Using (23), the nominal stability and performance rule can be performed, where W e W u are the weighting functions [26] , [27] .
The specific command called hinfsyn in MATLAB R robust control toolbox is applied for determining the inequality from (23) . From Fig. 6 , it demonstrates that the ∞-norm inequality of (23) is satisfied and always not exceed one. Thus, it is confirmed that the closed-loop microgrid system effectively reduces the influence of disturbances (i.e., high penetration of wind, solar, and load power) and the desired performance is successfully achieved. 
D. THE CLOSED-LOOP ROBUST STABILITY AND PERFORMANCE
The robust stability and performance are satisfied when the closed-loop microgrid system T wz is internally steady for all possible plants P = (I + (s))G(s), where is the uncertainty block. To evaluate the robust stability and performance, the rule of robust stability and performance must be satisfied for all possible plants P as follows [13] :
In this study, we consider 50% perturbations of the damping (D) and system inertia (H ) values. Looking at Fig. 7 , the ∞-norm inequalities calculated from (24) for all possible P are lower than one. In fact, ||[W u K (I + GP) −1 ]|| ∞ < 1 is also fulfilled, or ||[K (I + GP) −1 ]|| ∞ is less than 1/W u . Thus, the robust stability and performance are successfully obtained for the designed K controller through the equation of ∞-norm inequality in (24) .
The design process of K (s) controller is clearly explained in the following steps:
Step 1: Compute the state-space model from (18) for a given microgrid control system.
Step 2: Tune the constant weights and compute the optimum guaranteed robust performance index γ using the
630 VOLUME 6, 2018 FIGURE 7. The K (s) functions of the microgrid system under 50% perturbation. hinfsyn command in MATLAB based on linear matrix inequality (LMI) control toolbox to design the standard robust dynamic output controller for the performed microgrid system in Step 1. Then, set γ = γ 0 and let γ = γ 0 for an initial iteration. In addition, γ 0 and γ 0 are the positive real number.
Step 3: Solve a system matrix X from the Riccati equation.
Step 4: Minimize (A.3) subject to the LMI constraints.
Step 5: If (A.3) < 0, go to Step 6. Otherwise, calculate a new γ for a next iteration and go to Step 3.
Step 6: If ||T wz || ∞ < 1, K (s) is an optimum H ∞ controller such that the obtained controller satisfies (22) . Else, go to
Step 3.
The design process of K (s) controller is schematically described in Fig. 8 . 
V. H ∞ CONTROLLER ORDER REDUCTION
Heretofore, a high-order of the designed H ∞ controller has been one of the major problems of robust control techniques, particularly for the high-order plants. Using these robust control methods, the designed controller is larger than or at least equal to the order of the given plants. This problem results in difficulties for practical controller implementation. To avoid this difficulty, several techniques are proposed for order reduction [14] , [28] - [30] . In this study, the Hankel optimal model order reduction [14] is implemented to reduce a high order of the H ∞ controller, evaluating reasonable performance and stability.
The designed controller order using the H ∞ control technique was originally 7th order. The designed H ∞ controller with the full-order is derived in the following form:
The coefficients of the designed H ∞ controller in the form of (25) are shown in Table. 2.
Applying the Hankel optimal model order reduction, the H ∞ controller order is properly reduced to 4th order. Fig. 9 displays the bode plot of the full-order (original) and reduced-order for the designed H ∞ controller. It is obvious that the high-order controller is reduced to the low order controller without performance deterioration. The transfer function of the reduced-order H ∞ controller in the form of (25) is obtained as follow:
VI. RESULTS OF TIME-DOMAIN SIMULATION
The time-domain simulation during the high penetration of RESs and loads (i.e., disturbances) and parameter perturbation are performed using MATLAB/Simulink. To evaluate the efficiency of the proposed robust H ∞ method (reducedorder), it is compared with the optimum PI controller. The optimum PI parameters are calculated by the internal model control (IMC) method for tuning PI/PID controller [15] . The IMC technique provides the designer the flexibility in considering the modeling errors and desirable performance, disturbance rejection, and reference tracking against system VOLUME 6, 2018 variation and modeling error. Afterwards, the optimal parameters of K P and K I are obtained as 3.581 and 22.114, respectively using the MATLAB-based IMC tuning toolbox. For examining the microgrid frequency response, five severe test scenarios are conducted.
A. ABRUPT LOAD CHANGE
Scenario 1: A 10% step change of load power demand is applied under normal microgrid system inertia condition (i.e., 100% of its nominal value). Fig. 10(a) shows that the virtual inertia controller can improve the frequency performance and reduces transient excursion compared with the islanded microgrid without the virtual inertia controller. It is obvious that frequency performance is significantly enhanced by the H ∞-based virtual inertia controller. For a clear comparison, a zoom view of frequency response for H ∞ and optimal PI-based controllers is shown in Fig. 10(b) . It can be seen that H ∞-based virtual inertia controller performs remarkable performance in the aspect of disturbance rejection, tracking property, and zero steadystate error compared with the optimal PI-based virtual inertia controller. Thus, microgrid frequency performance is greatly enhanced by the H ∞-based virtual inertia controller compared to the optimal PI controller. The optimal PI controller results in considerably larger oscillating overshoot and larger transient frequency deviation.
Scenario 2: A 10% step change of load power demand is applied to the situation of 50% decrease in microgrid system inertia (as uncertainties). The effect of the microgrid frequency performance against system inertia reduction is investigated. Fig. 11(a) shows that the microgrid frequency performance is more fluctuating and larger transient deviation is observed during low system inertia condition.
Focusing on the disturbance rejection, tracking property, and error minimization during low system inertia condition in Fig. 11(b) , it can be seen that more favorable result can be achieved by the H ∞-based virtual inertia controller. During low system inertia condition, the result indicates that the designed H ∞ controller is more efficient in handling the sudden load change and tracks the operating point of the islanded microgrid better compared to the optimal PI-based virtual inertia controller.
B. HIGH PENETRATION OF RESS AND LOADS
Variety in nature of RESs, generation/load, and continuous changes of system operation are known as the important characteristics of the actual microgrids. Based on Scenarios 3, 4, and 5, the islanded microgrid is tested under a condition of low penetration of solar farm, high penetration of wind farm, low fluctuated load demand (i.e., residential load), and high fluctuated load demand (i.e., industrial load) as shown in Fig. 12 . These severe operating conditions (See Table. 3) can represent the significant effect of actual islanded microgrid operations and test the robustness of the proposed controller against the high penetration of RESs and load, as well as system inertia variation. Thus, the impact of high RESs integration on the overall microgrid frequency behavior can be clearly seen from such test scenarios.
Scenario 3: The microgrid frequency response under the normal system inertia (i.e., 95% of its nominal value) is examined. Fig. 13 shows that the frequency response is affected by the RESs and load power fluctuations. Without the controller, the microgrid frequency has driven to a large frequency fluctuation of about ±1.1 Hz. The conventional virtual inertia controller could regulate the frequency deviation within ±0.7 Hz. The H ∞-based virtual inertia controller could properly maintain the frequency deviation within ±0.05 Hz while the optimal PI-based virtual inertia controller gives the frequency deviation of about ±0.25 Hz. It is obvious that the best result is obtained from the H ∞-based virtual inertia controller.
Scenario 4: To make the scenario more drastic, the islanded microgrid is operated under the condition of 55% reduction in system inertia. During the high penetration of RESs and loads, it is shown that the microgrid frequency response is more fluctuating with higher deviation following the system inertia reduction (See Fig. 14) . It is obvious that the lack of system inertia due to high RESs penetration is particularly affecting the stability of islanded microgrids. During the connection of industrial load at 200 s, it causes a large frequency transient about −1.2 Hz in the case of the conventional virtual inertia controller (it might cause under-frequency load shedding), and about −0.4 Hz in the case of the optimal PI-based virtual inertia controller. The proposed H ∞ controller can properly maintain the deviation within the acceptable range of ±0.05 Hz. Without the virtual inertia controller, microgrid frequency response turns into instability and, in the worst case, may lead to the cascading outages after the connection of industrial load.
Scenario 5: To perform a severe test scenario, both the thermal generation governor and turbine time constants are increased to T g = 0.15 s (i.e., increased by 50% of its nominal value) and T t = 1.1 s (i.e., increased by 90% of its nominal value). This phenomenon could happen in the case of offline change of the practical turbine and governor, while the controller keeps the nominal values of these parts. It means that the thermal power plant is changed to unstable mode. Moreover, the islanded microgrid is operated under the critical condition of low system inertia (i.e., reduced to 15% of its nominal value). Fig. 15 demonstrates the microgrid frequency response under the severe condition of uncertainties. It can be seen that the frequency drop has significantly increased due to low system inertia. The lower inertia value causes a larger frequency drop. Without the virtual inertia controller, FIGURE 15. Microgrid frequency deviation during low system inertia (i.e., reduced to 15% of its nominal value) and mismatch parameters of microgrid generation. microgrid frequency cannot maintain the stability against the high integration of RESs and loads, leading to instability and system collapse. For conventional virtual inertia and optimal PI controllers, both controllers give larger oscillating overshoot and larger transient frequency deviation, resulting in a higher range of frequency fluctuation (it could cause the tripping of frequency relays and under-frequency load shedding). At this severe operating condition, the H ∞-based virtual inertia controller can handle the applied uncertainties and frequency deviation is abruptly driven to zero, resulting in a smaller transient of about ±0.05 Hz (within the acceptable range) compared with the other controllers. These results suggest that the proposed robust H ∞ control technique may have a large potential in the control of the virtual inertia controller for microgrids. Table. 4 shows absolute maximum frequency deviation of Scenarios 3, 4 and 5, when the microgrid system inertia is set as high, medium, and low, respectively. It can be seen that when the microgrid system inertia decreases, the maximum frequency deviation of the islanded microgrid increases. Clearly, the absolute maximum frequency deviation of the proposed H ∞-based virtual inertia controller is lower than those of optimal PI and conventional virtual inertia controllers for all test scenarios. These results imply that the proposed H ∞-based virtual inertia controller is robust to system inertia variation, high penetration of RESs power, and severe load changes.
VII. CONCLUSION
With an increasing level of RESs penetration, the lack of system inertia is particularly affecting the stability of isolated microgrids, resulting in instability, and in the worst case, it can lead to cascading outages. This issue is significant concerning the increase of the amount of installed RESs in today and future power systems/microgrids worldwide. In this research, the robust H ∞ technique is implemented to virtual inertia control problem concerning the high penetration of RESs for supporting frequency stability in an islanded microgrid. The H ∞-based virtual inertia controller is designed to reduce the influence of the wind and solar power fluctuation, load disturbances, as well as dynamic perturbation (i.e., microgrid system inertia and damping). The time-domain simulation results reveal that the proposed H ∞-based virtual inertia controller can effectively regulate the microgrid frequency and guarantee robust performance, such as precise reference frequency tracking and disturbance attenuation under a wide range of high RESs fluctuation, severe load disturbances, and system inertia variation. In comparison with the optimal PI-based virtual inertia controller, the reduced-order H ∞ controller dramatically improves the microgrid frequency control performance, enhancing microgrid stability and resiliency.
APPENDIX
This section describes a brief overview of robust H ∞ control theorem. The overall details and proofs can be found in [13] . Considering a linear time-invariant system G(s), the following state-space realization is expressed as:
where x is the state variable vector, z is the controlled output vector, w is the disturbance and other external input vectors, and y is the measured output vector. Using the theorem in (A.1), it is supposed that (A, B 2 , C 2 ) is stabilizable and measurable. The H ∞ control problem for the linear time-invariant system G(s) with the state-space realization of (A.1) is to determine a controller K (s) such that the resulted closed-loop system is internally stable, and the ∞-norm of the transfer function from w to z does not exceed γ , a specified positive number as shown in [13] :
Implementing matrix representation, the matrix K is the dynamic H ∞ controller, if and only if there is a symmetric matrix X > 0 such that [10] The proof of (A.3) is given in [13] .
